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SUMMARY 
Measurement techniques, with good spatial resolution, have 
been used to investigllte the structures of turbulent kerosene 
3uel sprays under cold conditions and under conditions of vapoxisa- 
tion in hot surrounding air-streams. A novel laser tomographic 
light schttewing technique has been used for the detailed mapping 
of internal spray structure. This technique is demonstrated to 
provide rapid and accurate, high resolution measurements of drop- 
let sizes, concentratfons and vaporisation. Measurements using 
a computer interfaced thermc-zouple are presented and it is found 
that the potentiaL exists fur separating gas and liquid temperature 
measurements and diagnosing local spray density by in situ 
analysis of the response characteristic? of the thermocouple. 
The thermocouple technique is shown to provide a convenient 
means for measuring mean gas velocity in both hot and cold two- 
phase flows. 
The experimental spray is axisymmetric and has carefully 
controlled initial and boundary conditions. The flow is designed 
to give relatively insignificant transfer of momentum and mass 
from spray to air flow. The data obtained in this test spray 
give fundamental insight into the various processes occurring 
in turbulent spray vaparisak-ion and provide a data base for 
modelling work. In particular the effects of ( b )  size-dependent 
dropkt dispersion by the turbulence, (ii) the initial spatial 
segregation of droplet sizes during atomisation and (iii) the 
interaction between droplets and coherent large eddies are diag- 
nosed. 
1. INTRODUCTION 
+ 
Past investigations which concerned the vaporisation or 
burning sf liquid fuel sprays can generally be divided into either 
fundamental investigations, involving single or simple one- 
dimensional arrays of monosize droplets, or investigations of 
complex 'practical' combustion systlems. It is considered that 
the former case has been proved to be ~versimplified; for 
example, the 'cloud' effects of many droplets have been shown 
to be of extreme importance in determining the environment and 
thus the vapori@ation, ballistics and burning of droplets. On 
the other hand investigations of the latter case, whilst revea- 
ling important information on overall spray structureslr 2, 3 
have not significantly improved our modelling approaches to fuel 
sprays because Che flows studied did not, for example, permit a 
straightforward specification of initial and boundary conditions. 
It is thus considered to be of both practical and fundamental 
interest to make very detailed investigptions of the structures 
of sprays whichkare neither oversimplified nor so complex that 
data interpretation becomes impossible. 
In this way one might hope to provide data to enable the 
improvement of modelling approches to spray structure under con- 
ditions of practical interest but without the complexities intre- 
d ~ e d  by ill-defined initial conditions, non-axisymmetry, recir- 
culation etc. Both experimentall and analytical4 results show 
that in most practical situations spray burning, rather than being 
controlLed by 'single droplet burning' is a 'droplet cfoud' 
process, in whigh the majority of droplets vaporise in groups 
and reaction occurs at the vapour/air interface surrounding the 
clouds; similar to a gas diffusion flame. Thus modelling of 
spray burning requires modelling of droplet vaporisation and 
droplet-turbulence interaction under conditions of heat, momentum 
I and mass transfer, between the droplets and the surrounding gas, 
which do not generally involve regions of reaction close to the 
droplet surface. Furthermore the 'cloud vaporisation' process, 
which occurs generally for most of the liquid fuel injected into 
1 the spray, ensures that the environment (and thus the vaporisation 
I and ballistics) of each individual drop1,et is controlled by the 
vaporisation and ballistics of many surrounding droplets. 
! 
Vaporisation of liquid sprays is also an important process 
in its own xight, even when the spray is not burning. In parti- 
I 
i cular the premixed-prevaporised gas turbine combustor process 
requires fuel sprays to be completely vaporised and mixed with 
air before reaction occurs in the combustion chamber. In order 
that prediction methoas can be used to design such systems, 
basic fundamental data is required on droplet vaporisation and 
1 ballistics in heated gas streams. 
In the basic experiment described below a twin fluid atomiser 
kerosene spray injected into a coflowing secondary stream which 
can be preheated, is investigated. The spray is designed to be 
axisyrnmetric and the secondary flow is uniform and with low 
tur5ulence intensity. The throughputs of atomising air and fuel, 
and the atomiser geometry, were selected to simplify the spray 
sufficiently so that certain of the processes which can occur 
ill spray-turbulence interaction were minimised. For example, 
although the phenomena of droplet/gas velocity lag occurred 
near the atomiser, so that droplets accelerate to the gas velo- 
city in the initial part of the spray, the total momentum of 
the liquid phase, at any station is always very much less than 
the momenkum of the gas phase, i.e. in the jet produced by the 
atomising air. In the same way the total fuel vapour mass flow 
rate, at any axial station, is always very much less Chan the 
local air mass flow rate contained in the jet. These conditions 
result in Che simplifying approximation that the gas flow f$eld, 
in the spray studied, is the same as that in the jet produced 
by the atomising air alone. Furthermore fine sprays are utilised 
so that the further simplifying assumption can be made that 
most of the droplets, eventually, closely EoLlow the local turbu- 
lent gas flow field at some distance downstream. 
These experiments are the initia1,stage of an investigation 
which has the objectives: 
(i) to provide fundamental insight and data on droplet 
vaporisation-turbulence interaction; 
(ii) to provide a data base for model development and 
evaluation; 
(iii) to develop and utiLise new diagnostic techiidques for the 
investigation of internal spray structure. 
An important feature, stressed in this report, is the demonstra- 
tion of a new 'Laser-tomographici light scattering technique for 
investigating spray structure. This technique is shown to pro- 
vide a means for the rapid and accurate mapping of dropleb size 
distributions and volume concentrations in sprays. The t@chnique 
provides a means of measuring vaporisation rates rapidly, without 
probe intrusion, and without the data analysis problems rrssociated 
with imaging techniques such as holography and photography. 
APPARATUS 
Figure 1 shows the apparhzus for the central injection of 
t h e  kerosene spray into a coflowing secondary air stream. The 
secondary air could be preheated by banks of electrical heaters. 
Smoothing screens gave turbulence levels of approximately 1% in 
the secondary flow, which had a uniform velocity across 90% of 
the secondary nozzle diameter. 
Figure 2 shows the design of the twin fluid atomiser which 
was constructed from hypodermic tubing. The atomising air and 
kerosene flow rates were measured by calibrated rotameters. 
Table 1 shows the various parameters for the test spray. 
The complete nozzle assembly, shown in Figure 1, could be 
traversed both vertically and radially. The spray and gas stream 
warc collectcc?! by an extsanct-ion syst,c?m 0 . 3  IP balow t;he ntomise~.  
Tests showed khat: Ll~o e x t r a c t  aystam had no effect: on t h e  flow 
i n  tha  first 0.14 m l eng th  o$ spray, The various probas, des- 
cribed hhlow, were f i x e d  I n  p a s i k i o l ~  and kha sprny was m o v ~ d  t o  
provide a con~pla te  ii\apping af th6 £Low. 
P a r t i c l o  s i z c  d l s t r i b u t i a n s  wore detsrmined using a Malvern 
Instrul~cizts  ST1800 Part icle  S i z e  blotar. A parnJ.J*~l Ilc/Nc I a s a r  
beam i s  passod through Cho spray and tho  forward seaCCercd l i g h t  
i s  collected by a Fourfcr transfornl lens .  The r a d i a l  light pawar 
diskxibut ion i s  n\easured using a phoCodakec6or cons is t ing  oL 
30 cancont r ic  nnnu l l i  placed i n  t h e  f o c p l  plane of t h e  lons ,  
and khc p a r t i c l e  s i z c  d i s t r i b u t i o n  i s  ca lcu la tad  from this using 
Fraunhof o r  d i f  f r a c t i a n  theory. 5 r 6 T o t a l  p a r k i c l c  concentrat ion 
was detozln~ined by m e a s u r i ~ y  tlio t o t a l  forward s c a t t e r e d  l i g h t  
power - t h i s  is  not: an absolu te  r~~oasuremenk as a l l  t h e  o p t i c a l  
constants  arc not: known and m u s t  be c a l i b r a t e d .  
This inskruucn t rapidZy gives  an ' o v e r a l l  ' s i z e  d i s t r i b u -  
Cior-1 f o r  a c ~ ~ n p l ~ t e  width eE the sprny. The l ine- inkcgra l  naturc; 
of tt;h~ p a r k i c l e  size d i s t r i b u t i o n  does not: givo any inionnat ion 
on tile drop s i z e  d i s t r i b u t i o n  across  tho spray. iiowovsir, 9E a 
nunhcr oE l i n e  in tcg r i l l  n~casuromants arc; mado through d i f f a r e n t  
p a r t s  of t h e  spray,  t k c  sccttdcrcd l i g h t  data can be trrlns2armed 
i n t o  two-dimensional dist,x:ibutlions of drop s i z c  d i s t r i b u t i o n  anCi 
cax~ccnCrakSen i n  n ptsLilnt2 thrlaugh the  spray. Trsis  ~3ntc.k ~tr,?nsfarma- 
t i a n  i s  termcd 'i=oxr\~grrighy~ ancl llns bocn appl ied  Co scvornl  
systcms i n  r a c c n t  years, p a r t i c u l a r l y  f o r  mcdisnl X-ray b r a i n  
and body sctlnnars, tire case  of ai.1 nxJ.synmatris; systcnl such 
as t h e  sgray being s tud ied  t h a  t ransformation i s  grcnt ly simpli-  
f i e d ,  only one s e t  of p a r n l l a l  scans through t h e  spsny hcing 
required ( t f r i s  is  analagous t o  tile Nscl txansEo;t-mation uscd i n  
flame spectroscopy s t u d i e s ) .  F u l l  d e t a i l s  of  t h e  praccclurc a r c  
given i n  a r e c e n t  gnpor.7 
Tile apparatus was set up 41s shown i n  Figuxo 3 r  thc 2 ~ ~ u u  
diamctcr l a s e r  bcatll. being s h ~ n c  t;hrt-caugll Cha spray and t h e  forward 
scatkcred Light c o l l c c t a d  by khc? F o u r i c ~  TL-onsfoxm lens  and 
t h e  s i g n a l  f r ~ m  t h e  dakccf.~r t r ~ ~ n s m i t t c d  t~ a FBP8A ~ainicomputor. 
Tha bcan~ i s  he ld  i n  n Eixctl posi t ion  and t h e  spray novcd r e l a t i v e  
t~ t h ~  bean\. 
The t ransformatian pxocudur~  was vcx i f i cd  using a Spraying 
Syctoms type  TI akamiscr wilich p r o d u c ~ s  an as;isynmletric f u l l  cone 
spray.  A 9 31m1 diamctcr laser bcam was used and spark photographs 
wcxc a l s o  tnkcn a t  inkc~:vnls sf 9 nun access  thc spray nlang t h e  
earnera axis .  Sufficicstlt yhratograplls wssc taken a t  each p o i n t  t o  
permit measurcment of a t  l o ; ~ s t  2,000 i n  focus droplets. The 
yhetograplxs wcre nnolysect by a Canlbridgrs Xnskrumonts I~nngcz 
Anolysis Conlputcr using n t ecikniquc dcvclogrfi By Yule.8 Thc 
val,wne median dinmaters, d,~,5, and relat ; ive spans, 
(dy0.8 - d@.2)/dvo.5, obtained using both techniques,  are 
p l o t t e d  aga ins t  radial dlsknnco across  t h e  spxay i n  Figure 4 .  
The l o c a l  s p a t i a l l y  averaged volun~e concentrakions of l i q u i d  
d rop le t s  a r e  p l o t t e d  a g a i n s t  r a d i a l  d is tnnco i n  Figure 5, t h e  
values are n o r m ~ l i z e d  by t h e  peak value where t h e  measured 
volume concentrat ion i s  8.7 x 10-28 by volume. Excel lent  agroe- 
ment was obtained f o r  a l l  pa rmekers ,  thus  confirming t h e  va l i -  
d i t y  of t h e  procedure. 
Thermocouples 
A computerised thermocouple technique, f irst  descr ibed by 
Yule e t  al.  ,9 has been usecl. The  +,sxmocsuples cons is ted  of 
LO mm lengths  of 25 pm diameter 'chrornel' and lalurnel' wires 
which were flame welded together  and mounted between 0.5 nun 
diameter Chromel-Alumel support  wires. The output  i s  fed  v i a  
a low no i se  b a t t e r y  dixven p r e a n p l i f i e d , t o  an ADC and fed  a s  
1 2  b i t  words t o  a PDP-13. comput6er. For t h e  urpose of thermo- 
couple response c h a r a c t e r i s t i c s  measurement,! a square wave 
overheating vol tage was appl ied t o  t h e  thermocouple, with cha- 
r a c t e r i s t i c s  governed by t h e  PDP-11 program. The thermocouple 
e . m . f .  decay a f t e r  each overheating pulse  i s  d i g i t i s e d  and 
acquired by t h e  computer. By ensemble averaging t h e  decay curves,  
v a r i a t i o n s  cansed by temperature f l u c t u a t i o n s  i n  t h e  flow a r e  
averaged out .  The r e s u l t i n g  decay curve permits determination 
o f  t h e  i n s i t u  thermocouple response c h a r a c t e r i s t i c s ,  usual ly  
i n  t h e  form of t h e  f i r s t  order  c h a r a c t e r i s t i a s  detsrmined by a 
time cons tant  T where 
and Tg and Tm a r e  t h e  instantaneous gas temperature and medsured 
temperature respect ive ly .  I n  these  experiments measurements of 
- 
Tg and r a r e  made i n  various flows. The determination of mean 
gas ve loc i ty  from measurements of T i s  inves t iga ted .  For t h e  
case  of thermocouple mcasuraments i n s i d e  t h e  sprays p a r t i c u l a r  
care should be taken because of t h e  poLen.1=iaJ. w i n f l u e n c e s w  of 
impacting d rop le t s  on t h e  w i r e .  These e f f e c t s  a r e  considered i n  
Sect ion 5 where cons idera t ion  is a l s o  given t o  t h e  p o t e n t i a l  
app l i ca t ion  of t h e  l i q u i d  cooling e f f e c t  t o  enable t h e  de r iva t ion  
of l o c a l  spray dens i ty  by using t h e  computerised thermocouple. 
Laser Anemometer 
Velocity measurements were c a r r i e d  o u t  using an OEX l a s e r  
anemometer system w i t h  a 1W Lexel 85.1 Argon ion  l a s e r  operat ing 
on t h e  green l i n z .  An of f -axis  forward s c a t t e r i n g  arrangement 
was used with a f r i n g e  spacing and measurement volume dimensions 
3 . 2  micron and lm x O.lmn\ x O.lmnl .  S ignals  were processed by a 
Cambridge Consultants t r acker .  Gas flow measurements were made 
by seeding t h e  secondary fLow with 1 pm dsopLets by using an 
OEI  p a r t i c l e  generator .  
4. EXPERXKENTAL RESULTS 
Measurements have been made for four flow conditions: 
Case (i) : 'Cold' secondary air (293K), cold atomising air, 
no kerosene. 
Case (ii): Cold secondary air, cold atomising air, with 
kerosene. 
Case (iii) : 'Hot' secondary air (450K) , cold atomising air, 
no kerosene. 
Case (iv): Hot secondary air, cold atomising air, with 
kerosene. 
The sprays for hoth the cold and hot cases (cases (ii) and 
(iv)) had the same initial conditions as ,specified in Table 1. 
The mass flow rate of the secondary aii Jas maintained the same 
for the hot and cold flow cases. 
Tomographic Light Scattering Measureme* 
Figure 6 shows distributions of spakially averaged vo2me 
concentrations of liquid droplets measured by the light 
scattering technique in what will be referred to as the 'cold' 
and 'hot' sprays (cases (ii) and (iv) above). The figures show 
the rapid reduction in liquid phase volume concentration in the 
hot spray compared with the cold spray. The distributions are 
approximately Gaussian in shape for both the hot and cold cases. 
For the cold spray the peak concentration varies approximately 
as x-1 and the concentration half-width7 increases, initially, 
approximately iinearly with x .  The proportionalities arc to be 
expected for a passive scalar distribution in a self-preserving 
gas jet. Although the droplet concentration cannot be co~lsldercd 
as a passive scalar in the trua sense, this is evidence that 
most of the droplets are small, enough ko follow the flow field 
of the air jet produced by the atarnising air. With increasing 
distance downstream there is a decrease in the rate of spread 
of the concentration distriLmti,on, This is likely to be attribu- 
table to the confining effect of t h e  secondary strem, Beyond 
x = 80 mm, for the hok spray case, the scatter in the concentra- 
tion measurements increases significantly, due to the relatively 
low scattered light power from the low droplet concentrations. 
-., . - -  =,.i,,.. rs;-eri~:r:.ts :::t . : ; . ' * ir!?:,\\.t..! 
by increasing the laser powck. Near the nozzle, pauticuioi.;y 
at x = 20 mm, there are very high droplet concentration gradients 
so that the spatial resolution defined by the 2 mm beam diameter 
will introduce some rnoasurcment error. Future developments of 
this technique for small scale sprays such as this will utilise 
beams with smaller diameters. 
The measurements sf mass mean droplet diameters are pra- 
sented in Figure 7 for both the 'hoC1 and 'cold' sprays. These 
are tomographicaily transformed data dnd they thus represent 
'point' measurements of mean droplet size. It is seen that, for 
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both t h e  h o t  and co ld  cases ,  Chere is a region of l a r g e r  drop- 
lets a t  t h e  outer  region of t h e  spray, C o m p a ~ i s ~ n  with t h e  volume i 1 
concentrat ion da ta  (Fig, 6) shows Chat t h e s e  o u t e r  regions of 1 
l a r g e r  d rop le t s  contain onZy a small proport ion of t h e  t o t a l  
d r o p l e t  volume. The d r o p l e t  volume and concentrat ion d a t a  are 
s p a t i a l l y  averaged. I n  terns nf l i q u i d  vo?,ume f l u x ,  t h e  larger 
drop le t s  a l s o  con t r ibu te  little t o  t h e  t o t a l  flow rate, due t o  
t h e  lower v e l o c i t i e s  of t h e  o u t e r  p a r t  of  t h e  spray. For t h e  
co ld  spray case  t h e r e  i s  l i t t l e  change An mean drop s i z e  with 
increas ing  d i s t ance  downstream. Howaver f o r  t h e  h o t  spray case 
t h e r e  i s  a gradual inc rease  i n  mean drop s i z e  which can be 1 I a t t r i b u t e d  t o  t h e  p r e 9 e r e n t i a l  vapor isa t ion  of  t h e  smaJ.ler drop- 
lets, The da ta  a r e  discussed f u r t h e r ,  i n  t h e  l i g h t  of t h e  o t h e r  > 
measurements, i n  Sect ion 5 below. I 
1 
Figure 8 shows measurements of t h e  r e l a t i v e  span of t h e  s i z e  
d i s t r i b u t i o n  f o r  t h e  h o t  and cold  sprays.  The r e l a t i v e  span i s  
a measure sf t h e  width of t h e  size d ; l s t ~ i b u t i o n  and it i s  here  
def ined b$ t h e  r a t i o  (dy0.8 - d ~ . 2 ) / d y 0 . 5  where t h e  z f r a c t i o n  
of t h e  spray by volume c o n s i s t s  of d rop le t s  having diameters 
smaller  than d , The major t r end  i n  Figure 8 is t h e  r e l a t i v e  
narrowing of sY:e d i s t r i b u t i o n s  i n  t h e  ho t  spray with inoreas ing  
d i s t ance  downstream, This can again be a t t r i b u t e d  t o  t h e  preferen-  
t i a l  vapor isa t ion  of t h e  smazler drople ts .  For t h e  cold case  
vapor isa t ion  is  expected t o  be small  and photographs showed 
t h a t  atomisation had been completed by x = 2Q rm. Thus t h e  
changes noted i n  t h e  r e l a t i v e  span d i s t r i b u t i o n s  i n  t h e  cold  
spray must be a t t r i b u t a b l e  l a r g e l y  t o  t h e  d ispers ion  of d r o p l e t s  
i n  t h e  turbulent  flow. Xn p a r t i c u l a r  t h e  i n i t i a l  r a d i a l  segrega- 
t i o n  of drop le t  s i z e s  near  t h e  atomiser is  dispersed.  The d i s -  
persion r a t e s  vary according t o  d rop le t  s i z e .  
Laser Anemometer Measurements 
Figure 9 shows t h e  mean velociqy d i s t r i b u t i o n  i n  case (i), 
i.e. t h e  cold  jet glow without kerosene in jec t ion .  A s  w i l l  be 
described, t h i s  i s  a l s o  rep resen ta t ive  of t h e  gas  flow field 
f o r  case (ii), with kerosene. There i s  seen t o  be a l i n e a r  
region of j e t  spread with a v i r t u a l  o r i g i n  2 0  mm upstream of 
t h e  atomiser o u t l e t .  It is  seen that t h e r e  i s  neg l ig ib le  i n t e r -  
fe rence  between t h e  jet (and thus  t h e  spray)  and t h e  ou te r  mixing 
l a y e r  of t h e  secondary Elow f o r  t h e  f irst  100 mm of flow. Curves 
represent ing  t h e  spread o f  t h e  h a l f  width of t h e  d rop le t  volume 
concentrat ion d i sk r ibu t i an  (cold spray) and t h e  ha l f  width of 
t h e  gas ve loc i ty  d i s t r i b u t i ~ n ~  are irkcXuded i n  Figure 9. f t  
can be seen t h a t  these  ha l f  widths do not  genera l ly  coincide 
and Chere are d i f fe rences  i n  t h s  spreading of t h e  d rop le t  and 
gas ve loc i ty  f i e l d s .  This i s  again i n d i c a t i v e  of t h e  d i f f e r i n g  
d ispers ion  r a t e s  according t o  t h e  d rop le t  s i z e s .  
Figure 10 compares mean gas v e l o c i t y  and mean d rop le t  velo- 
c i t i e s  a t  t l igferent  axial  p o s i t i o n s  i n  t h e  cold  ELOW. The mean 
d r o p l e t  veLsciky was obtained by analysing t h e  Doppler s i g n a l s  
from drop le t s ,  withoul: seeding t h e  flow. This vel,ocitsy i s  
approximately an ensemble averaged ve loc i ty  f o r  d rop le t s  g r e a t e r  
than  5 pm. I n  t h e  second s t a g e  of t h i s  d e t a i l e d  i n v e s t i g a t i o n  
of the spray structure, n refined version of the LDA particle 
sizing technique of Yule et al.10 will be used to obtain siza- 
velocity information. It can be seen from Figure 10 that beyond 
w = 80 mm the mean droplet and gas velocities are nearly the 
same for most of the width of the spray except at the outer edge. 
It is known that this outer region consists o f  a dilute region 
of relatively monodisperss large droplets. These droplets are 
least likely to move with Lhe local gas velocity, which corre- 
lates qualitatively wit;h the LDA results. Care should be taken 
in interpreting the dxoplet velocity measurements in the central 
dense spray near the atomiser because of poor s$gnal/noise 
ratios. It is considered that measurements uaing a tracker in 
this region are biased towards the rel~tively slow moving larger 
droplets, which produce relatively high amplitude signals with 
relatively good signal/noise ratios. 
Figures 11 and 12 show comparisons of mean gas and mean 
droplet velocities for the cold and hot, sprays at x = 40 mm 
and x = 100 mm. It is seen that the heated secondary flow has a 
velocity increased to 7 m/s, compared to 5 m/s fox the cold 
flow case. This is explained by the expansion effect of heating. 
The gas and droplet velocities within the spray are also higher 
for the hoe spray than for the cold spray case. This can also 
be explained by the accelerating effect of the entrainment and 
mixing of hot air into the spray. As will be described, there 
are no shgnificant contributions to the higher velocities found 
within the hot spray, from the release of fuel vapour nor Erom 
momentum transfer between the liquid and gas phases (for the 
particular spray studied here). 
Thermocouple Measurements 
Figure 13 shows mean temperature distributions in the hot 
flow, with and without the injection of kerosene. A comparison 
of ra3ial distributio~s of temperature measured with and without 
the akomising air showed that the major contribution to the 
temperature deficit, for the case without kerosene, came from 
the boundary layer on the outer surface of the atomiser. Figure 13 
shows that there is a significant decrease in the measured mean 
temperature for the spray case. The extent to which the mea- 
sured temperature i s  zepresentative of the gas temperature and 
the potential cooling effects af droplet impaction on the thermo- 
couple are discussed in Section 5. 
Figure 14 shows measurements of the thermocouple time con- 
stant in the hot flow, with and without the spray. It is seen 
that there is little difference between these measurements except 
in the first positious, near the atomiser, where the spray is 
dense. This shows that the droplets impacting on the thermo- 
couple affect the transfer characteristics 05 the probe at high 
spray densities: however the effect 05 the droplets in the time 
constant appears to be less significant than their effect on the 
measurement of gas temperature. 
Figure 15 shows a comparison of the mean velocity measured by 
laser anemometer for case (i) (i.e. the cold flow without kerosene 
injection) and mean velocftiee derived fxom the thermocouple 
time constant measurements by using the heat transfer relakionships 
for e cylinder.9 The agreement im seen to be sxcelLent. Figure 
16 shows a cornparison of thermocouple velocity measurements ab- 
tained by this technique for cases (ill) and (iv) (i.e; Che hot 
flow without and with keroseno injection). I% w%tP be argued 
that the gas velocity field should not be grea.tly afEac'ted by 
the injection of kezosene for the particular s p ~ y  used here. 
Figure 16 shows that the thermocouple measurements of velocity 
are very similar for the cases with and without the presence of 
droplets except for x = 4 0  mm. This is a clear indication that, 
below some limiting particle concentration, the relatively 
simple com~uterised thexmocouple time constant measurement 
technique can gfve an accurate measurement of gas velocity in 
two phase flow under conditions of high temperature and particle 
impaction. These conditions preclude other probing techniques, 
and sophisticated techniques are required for separating the 
signals from large and small particles w,hen using laser anernometry. 
5 .  DISCUSSXON 
The laser tomography tectirnique has been shown to be a valu- 
able measurement: technique for rapidly characterising fuel stprahys. 
In Figure 17 the tomograph1ce:'cy darived droplet concentration 
data are presented in the foPa*j ~ 7 t T  isot-concentration contours 
ef Ld.quid phase, by vo,~,une. This gl.ves a clear demonstration 
of the effect of the heated secondary flow an the spray vapori- 
sation. It is seen that the initial vaporisation, for the hot 
caseJ proceeds very rapidly but, beyond approximately x = 60 mm, 
the vaporisation rate decreases greatly. Comparison with the 
drop size distribution data in* Figures 7 and 8 shows that this 
dawnstream region corresponds to a residue of relaiively large 
droplets. In order that the predictions of spray mode1,ling can 
be compared with these results it was considered to be necessary 
to measure the spray initial conditions as close to the atomiser 
as possible. High inagnification spark photography has been 
used. The resclts will be included in a later report on the 
second part of this investigation in which a more detailed 
analysis of the data is made. The time dependent spray structure 
will be investigated and comparisons with modelling predictions 
will be made. However from the point of view of the mainly 
qualitative interpretation of the measurements in terms of spray 
structure, which is presented here, it is worthwhile describing 
some aspects of the photographs of the spray near the atomiser. 
A typical photograph is shown in Figure 18. Atomisation commences 
as a wave instability of the liquid column leaving the central 
atomiser orifice. These waves break into 'lumps' of liquid of 
various slzes and shapes which are then atomised into small 
droplets. Atomisation is generally completed by x = 10 nun for 
the particular spray studied. Occasional large lumps of liquid 
move unusually far radially from the central region of the flow. 
For these sections of fluid akomisation is not as efficient as 
for the main bulk of liquid in the central zone. This is presu- 
mably because of movement of the liquid into a relatively low 
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I. v ~ l o c i k y  snvixorurlsnt wi th  low atomisation p o t e n t i a l .  This  process,  
observod wjthin sr Fsw mm of t h e  mtomiser, r e s u l t e d  i n  tho  formation 
o f  a d i l u t e  region of faArly monosize l a r g e  d r o p l e t s  a t  t h a  o u t e r  
region o f  t h e  sp ray  w h i l s t  t h e  c e n t r a l  region is  polydispexse, 
wi th  many d r o p l e t s  smaller than  5 pm, As can be seen from 
Figuxee 7 and 8 %hie 8 p a t W t  ssgxegation of d r o p l e t  sixes which 
o r i g i n a t e s  during t h e  atomisat ion process p e r s i s t s  f o r  t h e  f u l l  
length  of t h e  spray inves t iga ted .  
The momenta contained wi th in  t h e  gaseoua and l i q u i d  phases 
of t h e  apxays have been ca lcu la ted  by, f o r  t h e  gas phase, 
eva lua t ing  t h e  'excess momentum' of t h e  gas  jet Mg ( i n  f a c t  % 
is  t h e  rate of t r a n s f e r  of momentum, b u t  t h e  term momentum alone 
i s  csnvent ional ly  used i n  t h e  context  of jet Elows) 
EDGE QF JET 
M 9 = 2n pgas 1 (ugas "Us) Us r d r  
0 
where Ug is t h e  mean gas  ve loc i ty  and, Us is t h e  secondary stream 
veloc i ty .  For a jet i n  s uniform secondary flow t h i s  quan t i ty  
should be constant.  Figure 1 9  shows Mg values ca lcu la ted  f o r  
d i f f e r e n t  values of x i n  t h e  cold flow. The degree of s c a t t e r  
i s  reasonable and t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  assumption 
t h a t  t h e  spray is i n  a uniEorm secondasy strew Ss a ~ e a s o n a b l e  
approximation up t o  x = 100 mm. The t o t a l  momentum ( r a t e )  i n  
t h e  spray contained wi th in  t h e  l i q u i d  phase was a l s o  est imated 
a t  d i f f e r e n t  x values by i n t e g r a t i n g  t h e  data .  The d rop le t  
momentum Md was est imated by t h e  i n t e g r a l  
EDGE OF SPRAY 
c r d r  
= 2'7 t l i q u i d  I 'drop 
0 
where c is t h e  l o c a l  l i q u i d  phase volume concenl ra t ion  and Udrop 
is t h e  ensemble averaged l o c a l  d rop le t  ve loc i ty .  This  is an 
approximation, a s  account is  no t  taken of c o r r e l a t i o n s  between 
d r o p l e t  diameters and v e l o c i t i e s  and, a s  descr ibed above, t h e  
measured rnean d r o p l e t  ve loc i ty  can be biased towards d i f f e r e n t  
s i z e  ranges, depending upon t h e  l o c a l  LDA s i g n a l  q u a l i t y .  
Calculated values are included i n  Figure 19 and it is seen t h a t  
t h e  l i q u i d  phase momentum is always a t  l e a s t  one order  of mag- 
n i tude  less than t h a t  contained within t h e  gas  phase. Thus 
one can expect t h e r e  t o  be l i t t l e  e f f e c t  of t h e  d r o p l e t s  upon t h e  
gas  ve loc i ty  f i e l d  f o r  t h i s  p a r t i c u l a r  spray s o  t h a t  t h e  gas 
flow f i e l d  without  droplet^ can be measured t o  g ive  a reasonably 
accura te  desc r ip t ion  o f  t h e  flow f i e l d  i n  t h e  presence of 
drople ts .  
Estimates of t h e  t o t a l  l i q u i d  phase volume f l u x  were a l s o  
made by i n t e g r a t i n g  t h e  volume concentrat ion and v e l o c i t y  data .  
Dmstraam or 60 nun the calculated valuer Eor the cold spray 
were within 15% of the total kerorene volume flow rate ruppl&ad 
to the atomisar ( 9  x 10-2 ml/s). Thir indicates both negligible 
vaporisation in the cold spray and the accuracy of the light 
scattering technique. At x = 80 mm in the hot upray, .the total, 
liquid phase voLums flux had fallen to (4 x 10-2 ml/s) indicating 
vaporisation of 56% of the droplet@ by volume, 
As ohown in Table 1, the initllal liquid/air mass ratio is 
38%, However the mass ratSo of the total vapour phase 
kerosene/total air flow, at any section o f  the hot spray, never 
exceed5 5%. Thus there should also be only a small change in 
the total spray gas flow characteristics due to the release of 
kerosene vapour. Straightforward heat balance calculations 
permitted estirlation of th.e coo1,ing effect, on the gas flow, 
caused by hedt transfer to the droplets to \a) heat droplets 
to the wet bulb temperature, and (b) provide the latent heat of 
vaporisation, Ik is found that, for the hot spray, the cooling 
effect of droplet vaporisation should result in centre line mean 
gas temperature reduction of no more than 80  C at x = 40 mv, 
and 2O C at x = 100 nun. This corresponds to the measured centre 
line mean temperature reductions of 32O C at x = 40 mn, and 17O C 
at x = 100 mm (see Fig. 13). It is thus clear that, for the 
spray, the mean temperature measured by the thermocbuple is 
significantly influenced by the impaction of droplets on the 
thermocouple wire. However, as can be seen in Figure 14, the 
presence of droplets has noticeabLy less influence on the tlme 
constant of the thermocouple, measured by the square-wave 
electrical overheating method. Thus the thermocouple time 
constant can provide a means of measuring gas velocity for 
droplet volume concentrations (volume of droplets\volume of gas), 
at least as high as 5 x 10-5, which corresponds to a local 
air/liquid fuel mass ratio of 30. It was found that the shape 
of the thermocouple response curve changed slightly, from the 
expected curve for a gas flow with incxeasing droplet aoncentra- 
tion. The potential exists for deriving a measure of the dropLet 
density from the response curve shape and thus applying correc- 
tions to measurements of mean temperature Lo provide a more 
representative gas temperature. 
High speed cine films have been taken of the sprays. The 
most striking features of these films were large eddies which 
could be followed, individually, downstream from approximately 
x = 20 mm to, at least, x = 150 mm. These eddies are considered 
to be 'coherent structurest and such structures have been shown 
to be important in a o s t  types of turbulent shear flowell, 12 
The existence of coherent structures $n both vaporising sprays 
and spray flames has very significant effects on flow and 
flame structure. Zn particular it can be seen that the smaller 
droplets remain within these eddiesy wh!.lst the larger droplets 
penetrate the eddy boundaries and can leave the region of rota- 
tional, turbulent gas flow. Thus physically realistic models 
should include effects of eddy structure in making calculations 
of the dispersion, environments and ballistics of droplets as a 
function of droplet size. This topic will be considered in the 
next stage of Chis research which concerns time-dependent 
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measurements of droplet-gas interactions, droplet size/velocity 1 
correlations and also comparisons wikh modelling predictions and 
ass7mptions. i 
6. CONCLUSIQNS 
(1) The laser tomography technique provides a rapid and accurate 
means for the detailed mapping of spray structure in terms 
of droplet sizes and concentration. 
(2) The technique also enables measurement of spray vaporisation, 
provided that measurements of droplet velocities can he 
obtained. 
(3) The computerised fine wire thermocouple response characteri- 
stics can be used to provide a convenient means for measuring 
gas velocity in both hot and cold sprays. 
(4) Droplet impaction significantly influences thermocouple 
mean temperature measurements, even in dilute sprays. 
However Che potential exists for correcting such measurements. 
(5) In the particular twin-fluid spray studied here, a spatially 
segregated :+~stribution of droplets was found near the 
atomiser, with a fairly dilute and monodisperse sheath of 
larger droplets surrounding a polydisperse dense core. 
(6) With increasing distance downstream this segregation was 
reduced by the dispersion of droplets by the turbulence. 
A coherent, la~je eddy structure appeared to be the dominant 
mechanism of droplet dispersion. 
(7) The tomography measurements demonstrated the preferential 
vaporisation of the smaller droplets. 
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Volume flow rate o f  ker~acne =z 9 x lom2 m l / s  
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(STP) 
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Average velocity L I ~  atomising air sz 
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Secondary air velocity = 
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I n i t i a l  momentum of at.rsmi sing air  
- (MA) 
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FIG. 1. Apparatus for the invest igat ion of fuel spray i n  a 
heated secondary a i r  f l o w .  

t 
Horld Secondary Air 
I 
FIG. 3.  Light scattering investigation of a fuel spray. 
! 
Radial distance ,r(mm) 
FIG. 4 .  Compard,son of  laser  tomographic and photographic 
measurements of mass mean diameters i n  a water spray (ref. 7 )  whereAp is the separation between Jaser scans. 

FIG. 6. Droplet volume concentrations in cold  and hot kerosene 
sprays measured by l a s e r  tomography (caser (ii) and 
( i v )  1 .  

F I G .  8.  Distributions o f  span o f  droplet s i z e  d is tr ibut ions  i n  cold 
and hot sprcys measured by l a s e r  tomography. 
FIG. 9 .  Laser anemometer mean velocity measurements in cold 
flow; Half wid.ths :---- droplet concentration,*e-=--velocity. 

FIG, 11, Gas and droplet walocities in 'hot' and 'cold' flows 
at x - 40 m. (All LDA aeasurements except for hot 
gas velocity, which is measured using a thermocouple.) 

FIG. 13. Mean temperatures measured in hot flow, with atomising 
air, with and without droplets (cases (iii) and (iv) ) . 
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PIG. 18. Shadow photograph of cold spray near atorniser (magni- 
f i c a t i o n  16.5)  . 
FIG. 19. Momenta of gas and liquid phases in cold spray (by 
integration of velocity and concentration data). 
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